Introduction
============

Diabetic nephropathy is a serious and common complication of type 1 and type 2 diabetes; it leads to end-stage renal disease in up to 30% of persons with diabetes. Advanced diabetic nephropathy is characterized by the glomerulosclerotic demise of glomerular capillaries, tubulointerstitial degeneration and fibrosis associated with a precipitous decline in the glomerular filtration rate.^[@bib1],\ [@bib2]^ After the onset of albuminuria, the progression of diabetic nephropathy is influenced by several factors, such as transforming growth factor (TGF)-β1, angiotensin II and advanced glycated proteins, which promote glomerular and tubular fibrogenesis.^[@bib3],\ [@bib4]^

Recent studies^[@bib5]^ in rats with streptozotocin (STZ)-induced diabetes suggest that podocytes may detach from the glomerular basement membrane, which leads to a loss of podocytes into the urinary space. Apoptosis of resident glomerular podocytes has recently been proposed^[@bib6],\ [@bib7]^ as a cellular mechanism underlying podocyte loss in nondiabetic glomerulopathy and experimental diabetic nephropathy. The generation of glucose-induced reactive oxygen species (ROS), which cause the apoptosis of podocytes and podocyte depletion, also suggests that podocyte apoptosis and depletion is an early mechanism that leads to diabetic nephropathy in mouse type 1 and type 2 diabetic models.^[@bib7]^

The pleiotropic inflammatory cytokine IL-20, a member of the IL-10 family,^[@bib8],\ [@bib9]^ is expressed in monocytes, epithelial cells and endothelial cells. IL-20 affects multiple cell types by activating a heterodimer receptor complex: IL-20R1/IL-20R2 or IL-22R1/IL-20R2.^[@bib10]^ Other studies^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^ have reported that IL-20 and its receptors (IL-20R1, IL-20R2 and IL-22R1) are all expressed on osteoclasts, osteoblasts, hepatocytes, rheumatoid synovial fibroblasts, proximal tubular epithelial cells, breast cancer cells, bladder cancer cells and oral cancer cells. IL-20 is involved in various inflammatory diseases,^[@bib16]^ such as psoriasis,^[@bib8],\ [@bib17],\ [@bib18]^ rheumatoid arthritis,^[@bib12]^ atherosclerosis,^[@bib16],\ [@bib19]^ ischemic stroke^[@bib20]^ and renal failure.^[@bib13],\ [@bib21]^

We have previously^[@bib13],\ [@bib21]^ reported that the involvement of IL-20 in renal failure mediates the apoptosis of renal epithelial cells and the induction of renal fibroblasts through TGF-β1. Therefore, IL-20 is a local mediator during the progression of acute and chronic renal failure. However, the role of IL-20 in diabetic nephropathy and its function in podocytes are not well understood. In this study, we used a model of STZ-induced diabetes and analyzed the role of IL-20 in diabetic nephropathy.

Materials and methods
=====================

Animal model of STZ-induced diabetes mellitus and treatments
------------------------------------------------------------

Male Wistar rats (300--350 g) were fasted for 6--8 h and then intraperitoneally injected with a single 70 mg kg^−1^ dose of STZ in sodium citrate buffer (pH 4.5).^[@bib22]^ Male C57BL/6 mice (20--25 g) were fasted for 4--6 h and then injected with a single high dose (200 mg kg^−1^ of body weight) or multiple low doses (40 mg kg^−1^ of body weight per day for 8 consecutive days) of STZ in sodium citrate buffer. Rats and mice with blood glucose concentrations greater than 300 mg dl^−1^ were considered diabetic and used in the experiments. Control rats and mice were injected with sodium citrate buffer alone. In the single high-dose STZ-injected model, the mice were divided into three groups: no treatment (STZ, *n*=13), 3 mg kg^−1^ 7E (*n*=13), and 3 mg kg^−1^ control antibody (mIgG; *n*=13) twice per week until the end of the experiment. In the multiple low-dose STZ-injected model, the mice were divided into three groups: no treatment (STZ, *n*=9), 3 mg kg^−1^ 7E (*n*=9), and 3 mg kg^−1^ control antibody (mIgG; *n*=9) twice per week for 16 weeks. The left kidneys were fixed in 3.7% formaldehyde for immunohistochemical staining, and the right kidneys were stored in liquid nitrogen for RNA isolation. All animal experiments were conducted according to protocols based on the Taiwan National Institutes of Health (Taipei, Taiwan) standards and guidelines for the care and use of experimental animals. The research procedures were approved by the Animal Ethics Committee of National Cheng Kung University. The methods were performed in accordance with the approved guidelines. All efforts were made to minimize animal suffering and to reduce the number of animals used.

Reagents
--------

STZ and NAC (*N*-acetyl-[L]{.smallcaps}-cysteine) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). The mouse (m) IL-20 recombinant protein was expressed in *E. coli.* A cDNA-clone encoding the mIL-20 sequence from leucine to leucine (aa 25--176) was inserted into the prokaryotic expression vector pET43a (Novagen, Madison, WI, USA). A tag consisting of six histidine residues was placed at the C terminus of the recombinant proteins. The protein was found mostly in the cytosol and, using affinity chromatography, was purified to more than 95%.

Determination of blood glucose
------------------------------

Blood glucose levels in blood samples collected from tail veins were assessed using One Touch Ultra meters and test strips purchased from Johnson & Johnson Company (Milpitas, CA, USA).

Real-time quantitative polymerase chain reaction
------------------------------------------------

To analyze the expression of IL-20 and its receptors in the kidneys of mice and rats with STZ-induced diabetes, total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and then total RNA underwent reverse transcription (Clontech, Palo Alto, CA, USA) according to the manufacturer\'s instructions. The amplified template was detected using SYBR Green with a real-time PCR system (LightCycler 480 System; Roche, Indianapolis, IN, USA) using gene-specific primers. Glyceraldehyde phosphate dehydrogenase (GAPDH) was used as an internal control. To examine the expression of MMP-9, MCP-1, TGF-β1 and VEGF, mouse podocytes were incubated with mIL-20 (200 ng ml^−1^) for 4--8 h. To examine the expression of IL-20, mouse podocytes were treated with hydrogen peroxide (0.5 m[M]{.smallcaps}), glucose (25 m[M]{.smallcaps}) and TGF-β1 (20 ng ml^−1^) for 3--8 h. NAC, a potent free-radical scavenger, was used to inhibit ROS-induced apoptosis. To test whether NAC affects H~2~O~2~-induced IL-20 expression in podocytes, mouse podocytes were preincubated with 5--20 m[M]{.smallcaps} of NAC for 1 h and then treated with H~2~O~2~ for another 8 h. Real-time PCR data were analyzed using the comparative threshold cycle (Ct) method according to the manufacturer\'s instructions. The forward and reverse primers are listed below (F=forward primer, R=reverse primer, r=primer for rat genes and m=primer for mouse genes):

rIL-20-F: 5′-ATGAGAGGCTTTCGTCTTGC-3′

rIL-20-R: 5′-TAACATCTGCTTCATCCATCT-3′

rIL-20R1-F: 5′-TTCTCTGCGATTGGCTACTCA-3′

rIL-20R1-R: 5′-TACGCTGACCTCATCACTGC-3′

rGAPDH-F: 5′-ACATGCCGCCTGGAGAAACCT-3′

rGAPDH-R: 5′-TCCACCACCCTGTTGCTGTAG-3′

mTGF-β1-F: 5′-CGGCAGCTGTACATTGACTT-3′

mTGF-β1-R: 5′-TCAGCTGCACTTGCAGGAG-3′

mMMP-9-F: 5′-ACATCTTCGACGCCATCGCG-3′

mMMP-9-R: 5′-AACTCACGCGCCAGTAGAAG-3′

mMCP-1-F: 5′-AGGTCCCTGTCATGCTTCTG-3′

mMCP-1-R: 5′-GCTGCTGGTGATCCTCTTGT-3′

mVEGF-F: 5′-GCGTGCCCACGTCAGAGAGC-3′

mVEGF-R: 5′-GGCTCACCGCCTTGGCTTGT-3′

mIL-20-F: 5′-AGGACGACTGAGTCTTTGAAA-3′

mIL-20-R: 5′-CATTGCTTCTTCCCCACAATG-3′

mGAPDH-F: 5′-GATGGGTGTGAACCACGAGA-3′

mGAPDH-R: 5′-CAGATCCACGACGGACACAT-3′

Immunohistochemical staining
----------------------------

Anti-hIL-20 monoclonal antibody (mAb) 7E was prepared and purified as previously described.^[@bib18]^ Incubation of the paraffin tissue sections with the mouse IgG1 isotype (clone 11711; R&D Systems, Minneapolis, MN, USA) instead of primary Ab served as the negative control. We used 3 μg ml^−1^ as the working concentration for each primary Ab and for the control mouse IgG1. Immunoreactivity was detected using the 3-amino-9-ethylcarbazole (AEC) substrate kit for peroxidase (DakoCytomation, Carpinteria, CA, USA), and nuclei were counterstained with hematoxylin. For apoptotic cell staining, mouse podocytes were incubated with mIL-20 (200 ng ml^−1^) or glucose (25 m[M]{.smallcaps}) for 24 h. After the culture medium had been removed, the cells were washed three times with cold phosphate-buffered saline. The cells were stained with TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling) agent (Promega, Madison, WI, USA) and DAPI according to the manufacturer\'s instructions.

Immunofluorescence
------------------

The localization of IL-20 was assessed by immunofluorescent staining of endogenous IL-20 and co-staining with a specific marker for podocytes. The 7E was pre-conjugated to biotin according to the manufacturer\'s instructions (Biotin type 1 antibody conjugation kit; Bio-Rad AbD Serotec, Kidlington, UK). Paraffin-embedded tissue samples were prepared for immunofluorescent staining with biotin-conjugated 7E at 4 °C overnight. The next day, the tissue samples were incubated for 2 h with FITC-conjugated streptavidin (eBioscience, San Diego, CA, USA). The samples were then incubated for 4 h with nephrin antibody (AnaSpec Inc., San Jose, CA, USA), then for 2 h with Alexa Fluor 594-conjugated anti-rabbit secondary antibody (Invitrogen), and finally mounted on slides with Vectashield Mounting Medium containing DAPI (Vector Laboratories, Peterborough, UK).

Cell culture
------------

Conditional immortalized mouse podocytes, which were kindly provided by Peter Mundel, MD (University of Miami Leonard M. Miller School of Medicine, Miami, FL, USA), were cultured as previously described.^[@bib23]^ Briefly, the cells were first grown under permissive conditions (33 °C) in RPMI-1640 containing 10% fetal bovine serum, 10 U ml^−1^ of interferon (IFN)-γ and 100 U ml^−1^ of penicillin/streptomycin in type I collagen-coated flasks. The cells were cultured for 14 days under non-permissive conditions (37 °C) in serum-containing medium without IFN-γ. All *in vitro* experiments were performed using mouse podocytes between passages 15 and 23.

Immunocytochemical staining
---------------------------

Immunocytochemical staining was conducted as previously described.^[@bib12]^ Briefly, mouse podocytes were grown on 15-cm dishes, circled using a pap-pen, fixed and blocked, and then primary antibodies were added. Anti-IL-20 mAb 7E, anti-IL-20R1 mAb, anti-IL-20R2 polyclonal Ab and anti-IL-22R1 mAb (R&D Systems) were used for staining according to the manufacturer\'s instructions. After the podocytes had been incubated with secondary antibodies, their immunoreactivity was detected using an AEC substrate kit for peroxidase, and the nuclei were counterstained with hematoxylin.

Detection of cell death
-----------------------

The mouse podocytes were incubated with mIL-20 (100, 200, 400 ng ml^−1^) or glucose (25 m[M]{.smallcaps}) for 72 h. After the culture medium had been removed, the cells were trypsinized and fixed with 50% ethanol. The cells were washed three times with cold phosphate-buffered saline, stained with propidium iodide (PI) for 10 min and then analyzed by flow cytometry. The presence of the sub-G0/G1 phase was used as an indicator of cell death. The percentage of cells in sub-G0/G1 phase was quantitated using WinMDI 2.8 software (The Scripps Research Institute, La Jolla, CA, USA).

Western blotting
----------------

Mouse podocytes were cultured in 15-cm dishes and starved for 24 h. The cells were then stimulated with mIL-20 (400 ng ml^−1^) for 24 h, and the cell lysate was isolated. Western blotting with anti-caspase-8 and anti-caspase-9 antibodies (Cell Signaling Technology, Inc., Danvers, MA, USA) was performed to analyze the cell lysate according to the manufacturer\'s instructions. For signal transduction analysis, mouse podocytes were starved for 24 h and then stimulated with mIL-20 (200 ng ml^−1^) for the indicated times. Western blotting with antibodies specific for β-actin, phosphorylated p38, JNK and ERK (Cell Signaling Technology) was conducted according to the manufacturer\'s instructions.

Analysis of the glomerular area
-------------------------------

Fifty digital images of the glomerular area were collected from each kidney section and then analyzed (Image J software; <http://rsb.info.nih.gov/ij/index.html>).^[@bib24]^

Patients and controls
---------------------

From National Cheng Kung University Hospital, we enrolled 46 healthy volunteers and 78 patients with diabetes mellitus. Signed informed consent was obtained from all participants. Patients with diabetes mellitus were defined as having a blood glucose level higher than 126 mg dl^−1^ before meals and an HbA1c (glycosylated hemoglobin) value higher than 6.5%. The study was approved by the Human Research Review Committee of the National Cheng Kung University Medical Center and was in accord with the Declaration of Helsinki guidelines. Blood samples were collected and serum was prepared by nurses according to the standard procedures. Blood was centrifuged (2000 r.p.m. for 10 min at 4 °C), and serum was collected. All samples were stored at −80 °C until used. Levels of IL-20 in the serum of the participants were determined using a human IL-20 ELISA kit (PeproTech, Rocky Hill, NJ, USA) according to the manufacturer\'s instructions.

Statistical analysis
--------------------

Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used for the statistical analysis. A one-way analysis of variance nonparametric Kruskal--Wallis test was used to compare the data between groups. *Post hoc* comparisons were performed using Dunn\'s multiple comparison test. The threshold for significance was set at *P*\<0.05.

Results
=======

IL-20 and IL-20R1 were upregulated in the kidneys of mice with STZ-induced diabetes
-----------------------------------------------------------------------------------

We used a mouse model of STZ-induced diabetes^[@bib22]^ to examine whether IL-20 is involved in diabetic nephropathy. The blood glucose of the mice was analyzed from 2 to 8 weeks after they had been injected with STZ. The blood glucose levels in STZ-treated mice were significantly higher than those in control mice ([Figure 1a](#fig1){ref-type="fig"}). To analyze whether IL-20 is involved in the pathogenesis of diabetic nephropathy, we measured the expression levels of IL-20 and its receptors (IL-20R1, IL-20R2 and IL-22R1) at different time points in STZ-induced diabetic mice. Real-time quantitative polymerase chain reaction (RT-qPCR) showed that the transcripts of IL-20 and IL-20R1 were upregulated in the kidneys of diabetic mice, whereas the IL-20R2 and IL-22R1 transcripts were not altered ([Figure 1b](#fig1){ref-type="fig"}). ELISA showed that the levels of IL-20 protein were significantly increased in kidney tissues from 4 to 8 weeks after STZ treatment ([Figure 1c](#fig1){ref-type="fig"}). Moreover, a rat model of STZ-induced diabetes was used to confirm the role of IL-20 in diabetic nephropathy with similar results ([Supplementary Figure S1A--D](#sup1){ref-type="supplementary-material"}).

High expression levels of IL-20 in renal podocytes of mice with STZ-induced diabetes
------------------------------------------------------------------------------------

To clarify which cells express IL-20 in the kidney of STZ-induced diabetic mice, we used immunohistochemical staining with anti-IL-20 mAb and observed strong staining of IL-20 in podocytes ([Figure 1d](#fig1){ref-type="fig"}). In contrast, little IL-20 was detected in podocytes in the kidneys of control mice. Immunofluorescent staining also revealed costaining of IL-20 and nephrin (a podocyte marker) ([Figure 1e](#fig1){ref-type="fig"}), which confirmed that IL-20 was highly expressed in renal podocytes of diabetic mice. Similar results were obtained in the STZ-induced diabetic rat model ([Supplementary Figure S1E and F](#sup1){ref-type="supplementary-material"}).

Mouse podocytes expressed endogenous IL-20 receptors *in vitro*
---------------------------------------------------------------

We hypothesized that IL-20 targets podocytes, potentially inducing inflammatory responses in the pathogenesis of diabetic nephropathy. In our *in vitro* study, we used a conditionally immortalized mouse podocyte cell line.^[@bib23]^ IHC staining showed that all three IL-20 receptor subunits (IL-20R1, IL-20R2 and IL-22R1), but not IL-20, were endogenously expressed in healthy podocytes ([Figure 1f](#fig1){ref-type="fig"}), confirming our hypothesis.

IL-20 upregulated MMP-9, MCP-1, TGF-β1 and VEGF expression in mouse podocytes
-----------------------------------------------------------------------------

The progression of diabetic nephropathy is manifested by gradual scarring of both the renal glomerulus and the tubulointerstitial region.^[@bib25]^ Many molecules that are correlated with diabetes mellitus, namely, MMP-9, MCP-1, TGF-β1, TGF-βR2, VEGF, IL-6, angiotensinogen, angiotensin II receptors and MMP-2, are involved in driving fibrogenesis. We analyzed the effects of IL-20 on the production of these molecules in mouse podocytes. Mouse podocytes were incubated with IL-20, and gene expression was analyzed using RT-qPCR. The expression levels of MMP-9, MCP-1, TGF-β1 and VEGF ([Figure 1g](#fig1){ref-type="fig"}) were upregulated in IL-20-treated podocytes, but the transcripts of IL-6, angiotensinogen, angiotensin II receptors, TGF-βR2 and MMP-2 were not altered (data not shown).

Hydrogen peroxide, glucose and TGF-β1 induced IL-20 expression in mouse podocytes
---------------------------------------------------------------------------------

Other studies have reported that glucose, ROS and TGF-β1 can activate podocytes.^[@bib3],\ [@bib7]^ Therefore, we examined whether IL-20 expression could be induced in mouse podocytes in the presence of these stimuli. RT-qPCR showed that hydrogen peroxide markedly upregulated the IL-20 transcripts in podocytes ([Figure 2a](#fig2){ref-type="fig"}). In addition, IL-20 expression was also significantly upregulated in podocytes after glucose and TGF-β1 treatment ([Figure 2b and c](#fig2){ref-type="fig"}). NAC (*N*-acetyl-[L]{.smallcaps}-cysteine) is a potent free-radical scavenger that is known to inhibit ROS-induced apoptosis. To assess whether NAC affects H~2~O~2~-induced IL-20 expression in podocytes, mouse podocytes were preincubated with 5--20 m[M]{.smallcaps} of NAC for 1 h and then treated with H~2~O~2~ for another 8 h. RT-qPCR showed that NAC dose-dependently inhibited H~2~O~2~-induced IL-20 expression in podocytes ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

IL-20 dose-dependently induced apoptosis in mouse podocytes
-----------------------------------------------------------

Podocyte apoptosis and depletion are critical steps in the pathogenesis of diabetic nephropathy. To examine whether IL-20 induced cell apoptosis in podocytes, we incubated podocytes with different concentrations of IL-20 for 72 h and then analyzed the percentage of cell death by flow cytometry with PI staining. Cells treated with a high dose of glucose served as positive controls. FASC analysis showed that IL-20 dose-dependently induced cell death in podocytes ([Figure 2d](#fig2){ref-type="fig"}). TUNEL analysis revealed cells treated with IL-20 or a high dose of glucose (positive control) for 24 h that were stained with the TUNEL agent. Only a small number of apoptotic cells was detected in the untreated control group, whereas a large number was detected in podocytes treated with IL-20 ([Figure 2e](#fig2){ref-type="fig"}). There are two major apoptotic pathways in the pathogenesis of diabetic nephropathy: the intrinsic and extrinsic pathways. To clarify the apoptosis pathway induced by IL-20, we performed western blotting with anti-caspase-8 and -9 antibodies. We found that IL-20 activated caspase-8, but not caspase-9 (data not shown), in podocytes, which indicated that IL-20 caused apoptosis through the extrinsic pathway ([Figure 2f](#fig2){ref-type="fig"}).

IL-20 activated ERK, JNK and p38 in mouse podocytes
---------------------------------------------------

To evaluate the downstream signals induced by IL-20, mouse podocytes were treated with IL-20, and cell lysates were analyzed by western blotting with antibodies against phosphorylated p38, JNK, and ERK. The phosphorylation of p38, JNK and ERK was higher in IL-20-treated mouse podocytes, and maximal phosphorylation occurred 10 min after treatment ([Figure 2g](#fig2){ref-type="fig"}).

An IL-20R1 deficiency reduced the severity of STZ-induced diabetic nephropathy
------------------------------------------------------------------------------

IL-20R1 was upregulated in the kidneys of mice with STZ-induced diabetes ([Figure 1c](#fig1){ref-type="fig"}), which suggested that IL-20R1 might be important for IL-20-mediated inflammatory responses and might be involved in the pathogenesis of diabetic nephropathy. Therefore, we investigated the effect of an IL-20R1 deficiency on IL-20-mediated early diabetic nephropathy. To confirm the *in vivo* role of IL-20 in diabetic nephropathy, we used the STZ-induced diabetic model to investigate whether IL-20R1 receptor signaling was important for controlling disease processes. STZ-induced diabetes resulted in higher blood glucose levels, higher serum BUN levels, and an enlarged glomerulus. Blood glucose was significantly (*P*\<0.05) lower in STZ-IL-20R1^−/−^ mice than in STZ-IL-20R1+/+ mice ([Figure 3a](#fig3){ref-type="fig"}). The STZ-IL-20R1^−/−^ mice had a longer survival rate than the STZ-IL-20R1+/+ mice ([Figure 3b](#fig3){ref-type="fig"}). The serum BUN levels in STZ-IL-20R1^−/−^ mice were lower than those in STZ-IL-20R1+/+ mice ([Figure 3c](#fig3){ref-type="fig"}). Glomerular enlargement during diabetes is an indication of renal damage. Thus, we measured the average glomerular area of the cross-section. The average glomerular area was lower in STZ-IL-20R1^−/−^ mice than in the STZ-IL-20R1+/+ controls ([Figure 3d](#fig3){ref-type="fig"}) on day 49 after STZ induction.

7E reduced the severity in single high-dose STZ-induced early diabetic nephropathy
----------------------------------------------------------------------------------

On the basis of our *in vitro* results, we further investigated the effects of the anti-IL-20 mAb 7E in our mouse model of diabetic nephropathy. Blood glucose levels were determined in the mice after receiving control buffer (*n*=8) or STZ injection (*n*=13), followed by no treatment (STZ, *n*=13), 3 mg kg^−1^ 7E (*n*=13), or 3 mg kg^−1^ control antibody (mIgG; *n*=13) twice per week until the end of the experiment. Blood glucose was significantly reduced in the 7E-treated group compared with the mIgG-treated group at 8--22 days after STZ treatment ([Figure 4a and b](#fig4){ref-type="fig"}). The urine albumin/creatinine ratio was higher in the STZ-induced diabetes group than in the control group. Although 7E treatment decreased urine albumin/creatinine ratio, when the data were analyzed by one-way analysis of variance, they showed no significant difference ([Figure 4c](#fig4){ref-type="fig"}). In addition, more 7E-treated than mIgG-treated mice survived for the first 15 days after STZ treatment ([Figure 4d](#fig4){ref-type="fig"}). H&E staining showed that STZ-induced renal injury was reduced in the 7E-treated group compared with the mIgG-treated group ([Figure 4e](#fig4){ref-type="fig"}). The average glomerular area was smaller in 7E-treated mice than in mIgG-treated mice at 21 days after STZ treatment ([Figure 4f](#fig4){ref-type="fig"}).

7E ameliorated renal dysfunction in multiple low-dose STZ-induced diabetic nephropathy
--------------------------------------------------------------------------------------

To reduce nonspecific nephrotoxicity of STZ, we further investigated the effects of anti-IL-20 mAb 7E in the mouse model of multiple low-dose STZ-induced diabetic nephropathy. Mice with blood glucose concentrations greater than 300 mg dl^−1^ were considered diabetic and used in the experiments. The mice were divided into three groups: no treatment (STZ, *n*=9), 3 mg kg^−1^ 7E (*n*=9), and 3 mg kg^−1^ control antibody (mIgG) (*n*=9) twice per week for 16 weeks. Control mice received an injection of sodium citrate buffer alone. Blood glucose was significantly reduced in the 7E-treated group compared with the mIgG-treated group at 10--16 weeks after antibody treatment ([Figure 5a](#fig5){ref-type="fig"}). The urine albumin/creatinine ratio was higher in the mIgG-treated group than in the control group. The 7E treatment significantly decreased urine albumin/creatinine ratio compared with the mIgG-treated group at 16 weeks after antibody treatment ([Figure 5b](#fig5){ref-type="fig"}). Diabetic nephropathy is characterized by mesangial cell expansion and an accumulation of extracellular matrix proteins. We found that the percentage of mesangial cell expansion in renal tissue was significantly reduced after 7E treatment compared with the mIgG-treated group ([Figure 5c and d](#fig5){ref-type="fig"}). Renal tissue from each group was then isolated for RNA extraction. RT-qPCR showed that iNOS, TNF-α and MCP-1 expression in the 7E-treated group were significantly lower than those in the mIgG-treated control group ([Figure 5e--g](#fig5){ref-type="fig"}). These data support our hypothesis that inhibition of IL-20 is beneficial for reducing inflammatory responses and ameliorating renal dysfunction *in vivo*.

Higher serum IL-20 in diabetic patients with kidney dysfunction
---------------------------------------------------------------

To further examine whether IL-20 was associated with diabetes mellitus (DM) and involved in the pathogenesis of DM, we analyzed the IL-20 serum levels in patients with DM and compared them with those of healthy controls. Forty-six healthy controls and 78 patients with DM were included in the analysis. The serum IL-20 concentration in DM patients was significantly higher than that in healthy controls (*P*=0.0027). The median and mean values of IL-20 were 13.42 and 59.70 pg ml^−1^ in healthy controls, and 76.11 and 309.80 pg ml^−1^ in patients with diabetes mellitus, respectively ([Figure 6a](#fig6){ref-type="fig"}). A decreasing glomerular filtration rate (GFR) is a valuable indicator of the progression of diabetic nephropathy. To further analyze the association between IL-20 and DM patients with kidney dysfunction, 78 patients with DM were divided into four groups according to their GFR (DM-group 1, GFR\>100, *n*=27; DM-group 2, GFR 90-100, *n*=6; DM-group 3, GFR 60-89, *n*=30; DM-group 4, GFR\<60, *n*=15). The serum IL-20 level was significantly higher in DM-group 2 and DM-group 3 than in healthy controls ([Figure 6b](#fig6){ref-type="fig"}). The mean levels of IL-20 were 59.70, 137.51, 692.15, 392.43 and 301.70 pg ml^−1^ in healthy volunteers, DM-group 1, DM-group 2, DM-group 3 and DM-group 4, respectively.

Discussion
==========

In the present study, we found that IL-20 was upregulated on podocytes in the kidneys of mice and rats with STZ-induced diabetes. Podocytes, which endogenously express IL-20 receptors, were the target cells of IL-20. Hydrogen peroxide, high-dose glucose and TGF-β1 induced the expression of IL-20 in podocytes. IL-20 induced podocyte apoptosis through the caspase-8-dependent pathway. *In vivo*, anti-IL-20 mAb reduced renal damage in STZ-induced early diabetic nephropathy. Renal function was improved and the survival rate was higher in IL-20R1-deficient mice than in wild-type mice with STZ-induced early diabetic nephropathy, which indicated that the IL-20/IL-20R1 axis is important for mediating inflammatory responses during the progression of diabetic nephropathy.

Proinflammatory cytokine levels are associated with the risk for developing diabetes. Recent studies^[@bib26]^ have reported that elevated circulating levels of TNF receptors 1 and 2 are strong, independent predictors of subsequent kidney function loss. IL-20 was upregulated in mice and rats with STZ-induced diabetes and in DM patients with kidney dysfunction. Therefore, whether IL-20 is a biomarker for predicting early diabetic nephropathy requires additional investigation.

Glucose-induced ROS cause apoptosis and the depletion of podocytes at the onset of diabetic nephropathy.^[@bib7]^ Podocytes express CD80 (B7.1) in response to LPS and other types of stress.^[@bib27]^ A recent study has reported that high-dose glucose induces podocyte B7.1 expression, thereby contributing to podocyte morphologic alternations and ultimately to diabetic nephropathy.^[@bib28]^ We found that hydrogen peroxide and high-dose glucose upregulated IL-20 expression and that IL-20 caused apoptosis in podocytes. Therefore, ROS and high-dose glucose may induce IL-20 upstream and result in an amplification loop that causes apoptosis in podocytes. Additional studies are needed to clarify whether IL-20 plays a role in high-dose glucose-induced B7.1 expression in podocytes. Moreover, we have previously demonstrated^[@bib29]^ that IL-20 induced ROS production in mesangial cells. This finding suggested that IL-20 might cause podocyte apoptosis directly or indirectly by triggering mesangial cells to produce ROS in the microenvironment of the glomerulus.

TGF-β1 is a key player in the pathogenesis of diabetic nephropathy.^[@bib3]^ Growing evidence suggests that podocyte-derived VEGF and other angiogenic or permeability factors, such as MMP-9 and MCP-1, increase the macromolecular permeability of the glomerular capillaries by affecting blood flow and glomerular endothelial cell function.^[@bib30],\ [@bib31],\ [@bib32]^ We found that IL-20 stimulated podocytes to produce TGF-β1, VEGF, MCP-1 and MMP-9, implying that IL-20 is involved in the progression of diabetic nephropathy and may also contribute to the cascade of inflammation and diabetic glomerulopathy.

IL-20 activated ERK, JNK and p38 in mouse podocytes. Both the p38 and JNK pathways are activated in human renal disease, including glomerulonephritis, diabetic nephropathy and acute renal failure. In addition, high-dose glucose-induced VEGF and MMP-9 expression in podocytes is mediated through the ERK pathway.^[@bib33],\ [@bib34]^ More evidence is needed to confirm that IL-20 induces cell death by activating JNK and p38 and that it induces VEGF and MMP-9 by activating ERK.

IL-20R1 was upregulated in the kidneys of STZ-treated mice. IL-20R1-deficient mice showed lower levels of serum BUN than wild-type controls, indicating improved kidney function. Although we were unable to verify that the protective effect was attributable to the systemic or local absence of IL-20 signaling in this model, we showed that IL-20R1-deficienct mice had a protective phenotype in our model of early stage diabetic nephropathy.

STZ has an acute toxic effect on multiple organs, and it is possible that STZ toxicity rather than complications of diabetes contributed to the deaths in the animal model.^[@bib35]^ In the present study, we used high-dose STZ to induce diabetes in both rats and mice. Our *in vivo* data showed that an IL-20R1-deficiency and 7E treatment improved the survival rate of mice in the early stage but not in the late stage of diabetic neuropathy. Moreover, we also found that a deficiency in IL-20R1 and 7E treatment reduced the degree of hyperglycemia in our animal model. This phenomenon raised the possibility that IL-20 inhibition may not only improve kidney function but also reduce the tissue damage in other vital organs. Furthermore, whether IL-20 plays a role in the regulation of blood glucose awaits future investigation.

We demonstrated an upregulation of the serum level of IL-20 in patients with DM. The level of IL-20 was significantly increased in diabetic patients with kidney dysfunction. These data suggest that IL-20 is a proinflammatory cytokine that participates in the pathogenesis of diabetic nephropathy. They also indicated that IL-20 is not only expressed in local tissues (kidney) but also in the systemic circulation. In addition to kidney tissue, DM also damages other organs such as the heart, eyes and brain. Further analyses are needed to investigate whether circulating IL-20 injures other organs in DM.

In conclusion, our study revealed that IL-20 is an inflammatory mediator that participates in the early stage of diabetic nephropathy. IL-20 was upregulated in mice and rats with STZ-induced diabetes and in DM patients with kidney dysfunction. *In vitro*, IL-20 targeted podocytes and induced cellular apoptosis and fibrotic gene expression. IL-20 expression was upregulated by ROS, glucose, and TGF-β1. *In vivo*, IL-20R1-deficient mice showed improved renal function and less severe diabetic nephropathy compared with mice expressing IL-20R1. Collectively, our findings provide evidence that IL-20 targets podocytes and is involved in the pathogenesis of early stage diabetic nephropathy.
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![IL-20 was upregulated in the renal podocytes of mice with STZ-induced early diabetic nephropathy and induced fibrogenic gene expression. (**a**--**e**) Mice (*n*=3 per group) were killed at the indicated times after STZ injection. Control mice were killed 8 weeks after they had been injected with buffer. (**a**) The blood glucose levels of mice treated with or without STZ were analyzed. \*\**P*\<0.01 compared with controls. The data are expressed as the mean±s.d. of three independent experiments, each performed in triplicate. (**b**) Renal tissues from mice with STZ-induced diabetic nephropathy were collected, mRNA was isolated, and the transcripts of IL-20, IL-20R1, IL-20R2 and IL-22R1 were measured by RT-qPCR. GAPDH served as an internal control. \**P*\<0.05, compared with the controls. The data are expressed as the mean±s.d. of three independent experiments, each performed in triplicate. (**c**) Levels of IL-20 in kidney from control mice and mice injected with STZ were measured by ELISA (*n*=3 per group). Control mice were killed 8 weeks after they had been injected with buffer. \*\**P*\<0.01 compared with the controls. The data are expressed as the mean±s.d. of three independent experiments, each performed in triplicate. (**d**) Mice were killed 8 weeks after STZ treatment. Paraffin sections of kidney tissue were stained with anti-IL-20 mAb 7E. The reaction was detected using AEC chromogen stain (red), and the nuclei were counterstained with hematoxylin (blue). IL-20 stained strongly in podocytes (arrows). The figures represent similar patterns in three individual mice. Magnification: × 200. Scale bars, 5 μm. (**e**) Paraffin sections of kidney tissue were stained with 7E (green) and nephrin antibody as a marker of podocytes (red). Nuclei were stained with DAPI (blue). The figures represent similar patterns in three individual mice. Magnification: × 200. Scale bars, 25 μm. (**f**) Mouse podocytes were stained to evaluate IL-20, IL-20R1, IL-20R2 and IL-22R1 expression using the indicated monoclonal antibodies. Mouse (m) IgG served as a negative control. The reaction was detected using AEC chromogen stain (red), and the nuclei were counterstained with hematoxylin (blue). The data are representative of two independent experiments. Magnification: × 200. Scale bars, 100 μm. (**g**) Mouse podocytes were treated with or without IL-20 (200 ng ml^−1^) for the indicated times. Total RNA was isolated for RT-qPCR analysis with primers specific for MMP-9, MCP-1, TGF-β1 and VEGF to amplify the transcripts. GAPDH was an input control. \**P*\<0.05, \*\**P*\<0.01 compared with untreated controls. The data are expressed as the mean±s.e.m. of three independent experiments, each performed in triplicate.](emm2016169f1){#fig1}

![**Functions of IL-20 in mouse podocytes.** (**a**--**c**) Mouse podocytes were treated with hydrogen peroxide (0.5 m[M]{.smallcaps}), glucose (25 m[M]{.smallcaps}) and TGF-β1 (20 ng ml^−1^) for the indicated times. Total RNA was isolated for RT-qPCR using primers specific for IL-20 to amplify the transcripts. GAPDH served as an input control. \**P*\<0.05, \*\**P*\<0.01 compared with the untreated controls. The data are expressed as the mean±s.e.m. of three independent experiments, each performed in triplicate. (**d**) Mouse podocytes were treated with IL-20 (100, 200 or 400 ng ml^−1^) and glucose (25 m[M]{.smallcaps}) for 72 h. The cells were fixed with ethanol, stained with propidium iodide (PI) and analyzed by flow cytometry. The percentages of dead cells (M1 region) are shown. \**P*\<0.05 compared with the untreated controls. The data are expressed as the mean±s.e.m. of three independent experiments, each performed in triplicate. (**e**) Mouse podocytes were treated with glucose (25 m[M]{.smallcaps}) and IL-20 (200 ng ml^−1^) for 24 h. The cells were stained with the TUNEL agent. The data are representative of three independent experiments. Magnification: × 200. Scale bars, 30 μm. (**f**) Mouse podocytes were starved in serum-free medium for 24 h and then incubated with IL-20 (400 ng ml^−1^) for 24 h. Total cell lysates were analyzed by western blotting with specific antibodies against caspase-8 and β-actin. The data are representative of three independent experiments. (**g**) Mouse podocytes were starved in serum-free medium for 24 h and then incubated with mIL-20 (200 ng ml^−1^) for the indicated time periods. Total cell lysates were analyzed by western blotting with specific antibodies against phospho-p38, JNK, ERK and β-actin. The data are representative of three independent experiments.](emm2016169f2){#fig2}

![An IL-20R1 deficiency reduced the severity of STZ-induced diabetic nephropathy. (**a**) Blood glucose measurements in IL-20R1^+/+^, IL-20R1^+/−^ and IL-20R1^−/−^ mice from day 5 to 49 after STZ treatment (*n*=8 per group). \**P*\<0.05 compared with IL-20R1^+/+^ mice. The data are expressed as the mean±s.e.m. of three independent experiments. (**b**) Survival in each group (*n*=8 per group) was monitored daily until the end of the experiment. The data are representative of three independent experiments. (**c**, **d**) Serum BUN levels and renal glomerular areas on day 49 were analyzed in IL-20R1^+/+^, IL-20R1^+/−^, and IL-20R1^−/−^ mice after STZ or control buffer treatment (*n*=8 per group). \**P*\<0.05 compared with IL-20R1^+/+^ mice. The data are expressed as the mean±s.e.m. of three independent experiments.](emm2016169f3){#fig3}

![**7E reduced the severity in high-dose STZ-induced early diabetic nephropathy.** In the single high-dose STZ-injected model, the mice were divided into three groups: no treatment (STZ, *n*=13), 3 mg kg^−1^ 7E (*n*=13) and 3 mg kg^−1^ control antibody (mIgG; *n*=13) twice per week until the end of the experiment. Control mice were injected with sodium citrate buffer alone. (**a**) Blood glucose was measured in each group from day 0 to 29 after STZ treatment. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments. (**b**) Blood glucose on day 8 was analyzed. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments. (**c**) The microalbumin/urine creatinine ratio was analyzed on day 21 after STZ treatment. \**P*\<0.05 compared with the controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments. (**d**) Survival in mice treated with STZ (*n*=13), STZ+7E (3 mg kg^−1^, *n*=13), STZ+mIgG (3 mg kg^−1^, *n*=13) and control buffer (*n*=8) was monitored daily until the end of the experiment. The data are representative of three independent experiments. (**e**) Kidney sections from each group were stained with hematoxylin and eosin. The data are representative of three independent experiments. Magnification: × 200. Scale bars, 25 μm. (**f**) Glomerular areas in each group on day 21 were analyzed. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments.](emm2016169f4){#fig4}

![**7E ameliorated the renal dysfunction in multiple low-dose STZ-induced diabetic nephropathy.** In the multiple low-dose STZ-injected model, the mice were divided into three groups: no treatment (STZ, *n*=9), 3 mg kg^−1^ 7E (*n*=9), and 3 mg kg^−1^ control antibody (mIgG) (*n*=9) administered twice per week for 16 weeks. Control mice were injected with sodium citrate buffer alone. (**a**) Blood glucose was analyzed from weeks 8 to 16 after antibody treatment. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments. (**b**) The urine albumin/urine creatinine ratio (ACR) was analyzed 16 weeks after antibody treatment. \**P*\<0.05 compared with the controls. The data are expressed as the mean±s.e.m. and are representative of three independent experiments. (**c**) Kidney sections from each group were stained with hematoxylin and eosin. The data are representative of three independent experiments. Magnification: × 200. Scale bars, 25 μm. (**d**) The percentage of mesangial cell expansion in each group was analyzed. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.e.m. (**e**--**g**) Renal tissues from control mice and STZ-induced diabetic nephropathy mice were collected, mRNA was isolated, and the transcripts of iNOS, TNF-α, and MCP-1 were measured by RT-qPCR. GAPDH served as an internal control. \**P*\<0.05 compared with the mIgG controls. The data are expressed as the mean±s.d. of three independent experiments, each performed in triplicate.](emm2016169f5){#fig5}

![**IL-20 was upregulated in the serum of patients with DM.** (**a**) The serum levels of IL-20 were analyzed in 46 healthy volunteers and 78 patients with DM. The mean levels of IL-20 were 59.70 pg ml^−1^ in healthy volunteers, and 309.80 pg ml^−1^ in DM patients. The lines inside the boxes represent the mean IL-20 values. \*\**P*\<0.01 compared with healthy controls. The data are representative of three independent experiments. (**b**) To analyze the association between IL-20 and DM patients with kidney dysfunction, 78 patients with DM were divided into four groups according to the GFR (DM-group 1, GFR\>100, *n*=27; DM-group 2, GFR 90-100, *n*=6; DM-group 3, GFR 60-89, *n*=30; DM-group 4, GFR\<60, *n*=15). The mean levels of IL-20 were 59.70, 137.51, 692.15, 392.43 and 301.70 pg ml^−1^ in healthy volunteers, DM-group 1, DM-group 2, DM-group 3 and DM-group 4, respectively. The lines inside the boxes represent the mean IL-20 values. \**P*\<0.05, \*\**P*\<0.01 compared with the healthy controls. The data are representative of three independent experiments.](emm2016169f6){#fig6}
